With many genomes sequenced, a pressing challenge in biology is predicting the function of the proteins that the genes encode. When proteins are unrelated to others of known activity, bioinformatics inference for function becomes problematic. It would thus be useful to interrogate protein structures for function directly. Here, we predict the function of an enzyme of unknown activity, Tm0936 from Thermotoga maritima, by docking high-energy intermediate forms of thousands of candidate metabolites. The docking hit list was dominated by adenine analogues, which appeared to undergo C6-deamination. Four of these, including 5-methylthioadenosine and S-adenosylhomocysteine (SAH), were tested as substrates, and three had substantial catalytic rate constants (10 5 M 21 s 21 ). The X-ray crystal structure of the complex between Tm0936 and the product resulting from the deamination of SAH, S-inosylhomocysteine, was determined, and it corresponded closely to the predicted structure. The deaminated products can be further metabolized by T. maritima in a previously uncharacterized SAH degradation pathway. Structure-based docking with high-energy forms of potential substrates may be a useful tool to annotate enzymes for function.
For enzymes of unknown function, substrate prediction based on structural complementarity is, in principle, an alternative to bioinformatics inference of function 1, 2 . Structure-based prediction becomes attractive when the target enzyme has little relationship to orthologues of known activity, making inference unreliable 3, 4 . Whereas structure-based prediction has been used with some successes for inhibitor design, substrate prediction has proven difficult [5] [6] [7] [8] . In addition to the well-known problems of sampling and scoring in docking, substrate prediction confronts several additional challenges. These include the many possible substrates to consider and the many reactions that an enzyme might catalyse [9] [10] [11] . Furthermore, enzymes preferably recognize transition states over the ground state structures that are usually represented in docking databases [12] [13] [14] .
Docking metabolites as high-energy intermediates
If, in its most general form, structure-based substrate prediction seems daunting, it may be simplified by several pragmatic choices.
If we focus on a single class of reactions, here those catalysed by the amidohydrolase superfamily (AHS), of which Tm0936 is a member, we reduce the number of possible reactions from practically unbounded to a limited set of mechanistically related transformations. Thus, the 6,000 catalogued members of the AHS catalyse ,30 reactions in biosynthetic and catabolic pathways [15] [16] [17] . All adopt a common (b/ a) 8 -barrel fold and almost all are metallo-enzymes that cleave carbon-hetero-atom bonds. The problem of activity prediction may be further simplified by focusing on a single source of likely substrates, here the KEGG metabolite database 18 . Although substrate identification remains challenging-there are probably hundreds of molecules that are specifically recognized, not all of which are metabolites-it is at least a finite problem.
To address the challenge of transition state recognition, ground state structures were transformed into structures mimicking the high-energy intermediates that occur along the enzyme reaction coordinate. We will refer to these transition-state-like geometries as high-energy intermediates; this form of the substrate is among those that should best complement steric and electronic features of the enzyme active site 14, 19 . All functional groups potentially recognized by AHS enzymes, for each of the 4,207 metabolites that bore them, were converted into high-energy intermediate geometries, with their appropriate charge distributions (Fig. 1 ). For instance, aromatic amines, which in the ground state are planar, are converted computationally into tetrahedral centres, representing the highenergy intermediate for deamination. Similarly, tetrahedral phosphates are converted into trigonal, bipyramidal forms. Overall, 28 amidohydrolase reactions operating on 19 functional groups were modelled by these high-energy structures, leading to the calculation of about 22,500 different forms of the metabolites. In retrospective calculations, docking these high-energy intermediate structures into seven well-studied amidohydrolases consistently identified the correct substrate from among the thousands of decoy molecules, typically outperforming docking of the ground state forms of the same molecules 20, 21 . These retrospective results encouraged us to prospectively predict the substrates of Tm0936 from T. maritima. The X-ray structure of the enzyme had been determined as part of a broad structural genomics effort (PDB codes 1p1m and 1j6p), and it can be assigned to the AHS by fold classification and the identity of certain active site groups. Despite this, its substrate preference is anything but clear. By sequence similarity, Tm0936 most resembles the large chlorohydrolase and cytosine deaminase subgroup, which is often used to annotate amidohydrolases of unknown function 17 . Consistent with the view that this reflects an assignment to a broad subfamily and not a functional annotation, we tested 14 cytosine derivatives as Tm0936 substrates; no turnover was detected for any of them (see Methods). In an effort to find the true substrate, we therefore docked the database of high-energy intermediates into the structure of Tm0936, sampling thousands of configurations and conformations of each molecule. Each of these was scored by electrostatic and van der Waals complementarity, corrected for ligand desolvation energy, and ranked accordingly (see Methods) 22, 23 . The molecules best-ranked computationally were dominated by adenine and adenosine analogues, which make up 9 of the 10 topscoring docking hits (Table 1 , Supplementary Fig. 1 ). For all of these, an exocyclic nitrogen has been transformed into a tetrahedral, high energy centre, as would occur in a deamination reaction. The dominance of adenine and adenosine analogues, in this form, is due to nearly ideal interactions with the active site. An example is the docked structure of the high-energy intermediate for the deamination of 5-methylthioadenosine (MTA), the 6th ranked molecule (Fig. 2) .
Experimental testing of the predicted substrates On the basis of the docking ranks and compound availability, we selected four potential substrates for deamination by Tm0936: MTA, SAH, adenosine and adenosine monophosphate (AMP), all of which scored well (5th, 6th, 14th, 80th out of 4,207 docked metabolites), underwent the same reaction, and chemically resembled one another ( Table 2) . Although there were other high-ranking molecules in the docking hit list, most were single representatives of a chemotype and lacked the virtue of consistency of the adenines in general and the adenosines in particular. By extension, we also investigated the well-known metabolite S-adenosyl-L-methionine (SAM), a close analogue of SAH, even though its docking rank, at 511th, was poor.
Of these five molecules, three had substantial activity as substrates, with MTA and SAH reaching k cat /K m values of 1. 24 , especially because the optimal temperature for this thermophilic enzyme is almost certainly higher than the 30 uC at which it was assayed. Consistent with the docking predictions, SAM was not deaminated by Tm0936, despite its close similarity to SAH. Conversely, AMP, which did rank relatively well (80th of 4,207), was also not an enzyme substrate. The inability of the docking programme to fully de-prioritize AMP reflects some of the well-known problems in docking scoring functions, in this case balancing ionic interactions and desolvation penalties for the highly charged phosphate group of AMP.
To investigate the mechanism further, we determined the structure of Tm0936 in complex with the purified product of the SAH deamination reaction, S-inosylhomocysteine (SIH), to 2.1 Å resolution by X-ray crystallography (Fig. 3, Methods) . The differences between the docked prediction and the crystallographic result are minor, with every key polar and non-polar interaction represented in both structures (except that we docked the tetrahedral intermediate and the X-ray structure is of the ground state product). Indeed, the correspondence between the docked and crystallographic structures is closer than one might expect for inhibitor predictions, where docking has been more commonly used [25] [26] [27] [28] . This may reflect the advantages of docking substrates in high-energy intermediate geometries, which encode more of the information necessary to specify fit.
Metabolic pathway of a family of MTA/SAH deaminases
It is tempting to speculate that Tm0936 is not simply an isolated enzyme acting on particular substrates, but is involved in the deamination of metabolites in a previously uncharacterized MTA/SAH pathway. The deamination of adenosine itself is well known in all kingdoms of life, and the deamination of SAH to SIH has been reported in one organism, Streptomyces flocculus 29 . Very recently it was shown that MTA is deaminated in Plasmodium falciparum in an alternative degradation pathway of adenosine analogues 30 . To investigate whether the products of the deamination reactions, catalysed by Tm0936, SIH and MTI, could be further metabolized by other enzymes in T. maritima, we measured the activity of S-adenosyl homocysteinase (Tm0172), which hydrolyses SAH to homocysteine and adenosine, using SIH as a potential substrate. We found that Tm0172 catalyses the formation of homocysteine from either SIH or SAH about equally well (Supplementary Table 1 and Supplementary Information). This is consistent with Tm0172 and Tm0936 participating in a degradation pathway, though it does not confirm it. We cannot exclude the possibility that Tm0936 functions as an adenosine deaminase in T. maritima, because no other enzyme in the organism has been identified that serves this role. What is clear is that Tm0936 has orthologues across multiple species. On the basis of the conservation of characteristic residues that interact with the substrate and product in the docked and X-ray structures, respectively, 78 other previously unannotated AHS enzymes from different species may now be classified as MTA/ SAH/adenosine deaminases ( Supplementary Fig. 2 and Supplementary Information). In all of these sequences, the metal-ligating residues (His 55, His 57, His 200 and Asp 279, Tm0936 numbering) are conserved, as are the residues recognizing the reactive centre (His 228, Ser 259, Ser 283 and Glu 203). Specificity is conferred by interactions between the substrate and Trp 75, Glu 84 and His 173, all of which are also conserved among the 78 amidohydrolases. Active site residues that vary include Arg 136 and Arg 148, which in Tm0936 interact with the a-carboxylate of the homocysteine moiety of SAH. These latter interactions are not critical to the activity of the enzyme, because these arginines do not seem to interact with MTA or adenosine, but they may be important for the recognition of SAH.
Many of the Tm0936 orthologues cluster with other genes that can now be associated with the metabolism of SAM, SAH or MTA. For example, in T. maritima Tm0936 is closely associated with Tm0938, which is currently annotated as a SAM-dependent methyl transferase. In Bacillus cereus, the Tm0936 orthologue is Bc1793, which is also closely associated with a SAM-dependent methyl transferase, Bc1797. In Pseudomonas aeruginosa, the Tm0936 orthologue, Pa3170, is adjacent to UbiG-methyltransferase, Pa3171. Other orthologues are adjacent or close to adenosyl homocysteinase, 59-methylthioadenosine phosphorylase, MTA/SAH nucleosidase and other SAM-dependent methyl transferases.
Predicting function from form
This work describes one case of successful function prediction by structure-based docking, and it is appropriate to consider caveats. Our recognition of Tm0936 as an amidohydrolase limited the number of possible reactions to be considered. When even the gross mechanistic details of an enzyme cannot be inferred, this will not be possible. Restricting ourselves to metabolites was also helpful, but this too will not always be appropriate. Finally, we were fortunate that Tm0936 experienced little conformational change between the apo structure and that of the product complex. Enzymes that undergo large conformational changes along their reaction coordinates will be more challenging for docking.
If prudence warns against over-generalization, it is also unlikely that Tm0936 represents an isolated case. Other enzyme structures will be broadly classifiable by mechanism, and whereas conformational change remains a serious challenge, retrospective studies suggest that it is not insurmountable. Indeed, the most important technical innovation adopted here, modelling substrates as highenergy intermediates, was particularly useful when docking to apo structures in those studies (Supplementary Table 2 and Supplementary Information) 20 . Thus, the prediction and determination that Tm0936 acts as an MTA/SAH deaminase illustrates the possibilities of this and related structure-based approaches, at least for a subset of targets. The enzyme has no obvious sequence similarity to any known adenosine deaminase and exploits interactions not previously identified in the active sites of these enzymes. The very pathway in which Tm0936 participates seems novel. Structure-based docking of highenergy intermediates should be a useful tool to decrypt the activity of enzymes of unknown function, and will be especially interesting for those targets where bioinformatics inference is unreliable.
METHODS
Molecular docking. The 1.5 Å X-ray structure of Tm0936 (Protein Data Bank (PDB) code 1P1M) was used in docking calculations. High-energy intermediates of potential substrates were calculated 20 and docked into the enzyme structure using the program DOCK3.5.54. Poses were scored for electrostatic and van der Waals complementarity and penalized for ligand desolvation 31, 32 . Enzymology. Tm0936 and Tm0172 from T. maritima were cloned, expressed and purified using standard techniques. The deamination reaction was measured by coupling the production of ammonia to the oxidation of NADH catalysed by glutamate dehydrogenase. The decrease in the concentration of NADH was followed spectrophotometrically at 340 nm. The chemical identities of the deaminated products were confirmed by mass spectrometry and specific changes in the ultraviolet absorption (UV) spectra for the deamination of adenosine derivatives. The SAH hydrolase activity by Tm0172 was determined by reaction of the free thiol group of the homocysteine product with dithio-bis(2-nitrobenzoic acid), monitoring the absorbance at 412 nm. X-ray crystallography. Tm0936 was co-crystallized with ZnCl 2 and SIH. X-ray diffraction data were collected at the NSLS X4A beamline (Brookhaven National Laboratory). The structure of the Tm0936-SIH complex was determined by molecular replacement, using apo Tm0936 (PDB code 1J6P) as the search model. The structure has been deposited in the protein data bank (PDB code 2PLM).
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. 
Molecular docking. The 1.5 Å X-ray structure of Tm0936 was used in the docking calculations (PDB code 1P1M). The active site metal ion was assigned a charge of 11.4, the remaining charge of 0.6 was distributed among the ligating residues, His 55, His 57, His 200 and Asp 279, to keep the correct net charge and to account for charge distribution effects in metal complexes 20, 33 . His 228 was protonated according to its assumed function as the base to activate the catalytic water molecule by abstracting a proton; the hydroxide ion itself was removed from the active site, because it is part of each high-energy intermediate structure that we dock 20 . The programs CHEMGRID and DISTMAP were used to compute docking grids for van der Waals potentials and excluded volume, respectively 31 . The electrostatic potential grid was calculated with DELPHI using an internal dielectric of 2 and an external dielectric of 78 (ref. 34) . A manually curated set of spheres based on a set calculated by the program SPHGEN was used to orient molecules in the binding site 36 . High-energy intermediates of potential substrates were docked into Tm0936 using the docking program DOCK3.5.54 (ref. 23 ). Initial ligand orientations were sampled using receptor and ligand bin sizes of 0.5 Å and a ligand and receptor overlap of 0.4 Å . A distance tolerance of 1.5 Å was used for matching receptor and ligand spheres. An average of more than a million poses per molecule were calculated, and those that sterically fit the site were scored for electrostatic and van der Waals complementarity and penalized for ligand desolvation 32 . The best scoring orientation was rigid-body-minimized according to these energies. The details of the preparation of high-energy structures for docking, the molecular docking procedure, and methods for the analysis of the results have been previously described 20 . Enzymatic characterization of Tm0936. All compounds and coupling enzymes were obtained from Sigma or Aldrich, unless otherwise specified. The genomic DNA from T. maritima was purchased from the American Type Culture Collection (ATCC). The oligonucleotide synthesis and DNA sequencing reactions were performed by the Gene Technology Laboratory of Texas A&M University. The pET30a(1) expression vector was acquired from Novagen. The T4 DNA ligase and the restriction enzymes, NdeI and EcoRI, were purchased from New England Biolabs. The Platinum Pfx DNA polymerase and the Wizard Plus SV Mini-Prep DNA purification kit were obtained from Invitrogen and Promega, respectively. The glycerol stock of the plasmid encoding Tm0172 was kindly provided by the Joint Center for Structural Genomics. Cloning of Tm0936. The gene encoding Tm0936 from Thermotoga maritima was amplified from the genomic DNA by standard PCR methods stipulated in the manufacturer's instructions using oligonucleotide primers with NdeI and EcoRI restriction sites at either end (Supplementary Table 3 ). The PCR products were purified, digested with NdeI and EcoRI, ligated to the expression vector pET30a(1) using T4 DNA ligase, and then transformed into XL1Blue cells. Individual colonies containing the plasmid were selected on LB plates containing 50 mg ml 21 kanamycin and then used to inoculate 5 ml cultures of LB. The entire coding regions of the plasmids containing the Tm0936 gene were sequenced to confirm the fidelity of the PCR amplification. Purification of Tm0936. Cells harbouring the plasmid for the expression of Tm0936 were grown overnight and a single colony was used to inoculate 50 ml of LB media containing 50 mM kanamycin, and subsequently used to inoculate 2 l of the same medium. Cell cultures were grown at 37 uC with a rotary shaker until an A 600 of , 0.6 was reached. Induction was initiated by the addition of 1.0 mM isopropyl-thiogalactoside (IPTG), and further incubated overnight at 30 uC. The bacterial cells were isolated by centrifugation at 5,200 3 g for 15 min at 4 uC. The pellet was re-suspended in 50 mM HEPES buffer, pH 7.5 (buffer A), containing 5 mg ml 21 RNase and 0.1 mg ml 21 PMSF per gram of wet cells and then disrupted by sonication. The soluble protein was separated from the cell debris by centrifugation at 14,000 3 g for 15 min and heated at 65 uC for 15 min to precipitate the Escherichia coli proteins. The soluble protein was separated from the precipitated protein by centrifugation at 14,000 3 g for 15 min, loaded onto a 6 ml Resource Q anion ion exchange column (GE Health Care) and eluted with a gradient of NaCl in 20 mM HEPES, pH 8.5 (buffer B). The fractions containing Tm0936 were pooled and re-precipitated by saturation with ammonium sulphate, centrifuged at 14,000 3 g for 15 min at 4 uC, and resuspended in a minimum amount of buffer A. The final step in the purification was accomplished by chromatography on a High Load 26/60 Superdex 200 prep grade gel filtration column (GE Health Care) and eluted with buffer A. The purity of the protein during the isolation procedure was monitored by SDS-PAGE. Purification of Tm0172. Cells harbouring the plasmid for the expression of Tm0172 were grown overnight and a single colony was used to inoculate 50 ml of LB media containing 100 mM ampicillin and subsequently used to inoculate 2 l of the same medium. Cell cultures were grown at 37 uC with a rotary shaker until an A 600 of , 0.6 was reached. Induction was initiated by the addition of 1.0 mM arabinose, and further incubated overnight at 37 uC. The bacterial cells were isolated by centrifugation at 5,200 3 g for 15 min at 4 uC. The pellet was re-suspended in 20 mM Tris-Cl buffer, 5 mM imidazole and 500 mM NaCl at pH 7.5 (buffer A), containing 0.1 mg ml 21 phenylmethylsulphonyl fluoride per gram of wet cells and then disrupted by sonication. The soluble protein was separated from the cell debris by centrifugation at 14,000 3 g for 15 min and heated at 65 uC for 15 min to precipitate the E. coli proteins. The soluble protein was separated from the precipitated protein by centrifugation at 14,000 3 g for 15 min, loaded onto a Chelating Sepharose Fast Flow column for histidinetagged fusion protein purification and eluted with a gradient of imidazole in buffer A. Fractions containing the desired protein were pooled by catalytic activity and purity. The purity of the protein during the isolation procedure was monitored by SDS-PAGE. Metal analysis and amino acid sequence verification. The purified Tm0936 was subjected to amino-terminal amino acid sequence analysis by the Protein Chemistry Laboratory at Texas A&M University. The first five amino acids were MIIGN, which agrees with the protein sequence reported for Tm0936. The protein concentration was determined spectrophotometrically at 280 nm using a SPECTRAmax-340 microplate reader (Molecular Devices). An extinction coefficient of 51,020 M 21 cm 21 was used for Tm0936 on the basis of the protein sequence. The metal content of the purified protein was determined by inductively coupled plasma emission-mass spectrometry (ICP-MS) and found to contain 1.2 equivalents of Zn per subunit. Determination of SAH deaminase activity. The measurement of the deaminating properties of Tm0936 was conducted by coupling the production of ammonia to the oxidation of NADH with glutamate dehydrogenase. The decrease in the concentration of NADH was followed spectrophotometrically at 340 nm using a SPECTRAmax-340 microplate reader. The standard assay was modified from the report in ref. 36 , and contained 100 mM HEPES at pH 8.0, 7.4 mM a-ketoglutarate, 0.4 mM NADH, 6 units of glutamate dehydrogenase, Tm0936 and the appropriate compound in a final volume of 250 ml at 30 uC. Following the initial, purely bioinformatic predictions of cytosine deaminase activity, the following compounds were tested for enzymatic activity at a concentration of 10 mM using this protocol: cytosine, 5-methylcytosine, 5-fluorocytosine, 6-aminouracyl, 4,6-diamino-2-hydroxypyrimidine, 2-deoxycytidine, cytosine-b-D-arabinofuranoside, cytidine, cytidine-59-diphosphocholine, cytidine-59-monophosphate, 29-deoxycytidine-59-diphosphate, cytidine-59-diphosphate, cytidine-59-triphosphate, cytidine-39-phosphate. Subsequently, we cast a wider net looking for activity on N-formimino-L-glutamate, N-formimino-L-aspartate, N-formimino-L-glycine. It was only with the structure-based docking predictions that we turned to deamination of adenosines, first directly testing the docking predicted metabolites adenosine, adenosine-59-monophosphate, 59-methylthioadenosine, S-adenosine-59-homocysteine. Eventually we tested also several other analogues including adenosine-59-diphosphate, adenosine-59-triphosphate, S-adenosine-59-methionine, folate, thiamine, pterin, and guanine. Only adenosine, S-adenosine-59-homocysteine, and 59-methylthioadenosine were found to be substrates.
The products of the reaction catalysed by Tm0936 were confirmed by mass spectroscopy and by changes in the UV spectra. When S-adenosyl-59-homocysteine was incubated with Tm0936, the mass spectral signal for SAH at a [M1H] of 385 m/z disappeared and was replaced by a new signal at a [M1H] of 386 m/z that corresponds to the mass expected for S-inosyl-59-homocysteine (SIH). The UV spectrum for SAH has a maximal absorbance at 260 nm and after the addition of Tm0936 the absorbance maximum shifts to 250 nm. These results are consistent with the deamination of the adenine moiety of the substrate and conversion to an inosyl substituent. Similar results were observed for 59-methylthioadenosine ([M1H] Supplementary Fig. 3) . Determination of SAH hydrolase activity. The homocysteinase activity of Tm0172 was determined by reaction of the free thiol group of the homocysteine product with DTNB. The increase in the absorbance at 412 nm was monitored using an extinction coefficient of 13,600 M 21 cm 21 (ref. 37 ). The standard assay contained 100 mM HEPES at pH 8.0, 1.0 mM DTNB, 1.0 mM EDTA, 13 mM Tm0172 and the appropriate substrate in a final volume of 250 ml at 30 uC. The following compounds were tested for catalytic activity at concentrations up to 10 mM: S-adenosine-59-homocysteine, S-inosyl-59-homocysteine, 59-methylthioadenosine and 59-methylthioinosine. Activity was obtained only for SAH and SIH. Data analysis. The kinetic parameters, k cat , and k cat /K m were determined by fitting the initial velocity data to the equation (1), where v is the initial velocity, E T is the enzyme concentration, k cat is the turnover number, S is the substrate
